INTRODUCTION
Lattice dynamics calculations are used to investigate thermal transport in the face-centered cubic Lennard-Jones (LJ) argon crystal between temperatures of 20 and 80 K. First, quasiharmonic lattice dynamics calculations are used to find the frequencies and mode shapes of non-interacting phonons [1] . This information is then used as input for anharmonic lattice dynamics calculations. Anharmonic lattice dynamics is a means of computing the frequency shift and lifetime of each phonon mode due to interactions with other phonons [2] . The phonon frequencies, group velocities, and lifetimes, determined with the lattice dynamics methods, are then used to compute the thermal conductivity. The thermal conductivities predicted by the lattice dynamics methods are compared to predictions from molecular dynamics simulations. The two methods are found to agree well at low temperature but diverge at higher temperatures (i.e., near the melting point). The properties of individual phonon modes are used to identify the modes that dominate thermal transport.
PROCEDURE
The thermal conductivity, k, is calculated with a relation based on the Boltzmann transport equation. This relation [3] ,
requires the mode dependent (i.e., for each wave vector, κ κ κ, and dispersion branch, ν) phonon specific heats, c ph , group velocity components in the x-direction, v g,x , and relaxation times, τ. This phonon information is computed with the quasi-harmonic and anharmonic lattice dynamics techniques. The quasi-harmonic lattice dynamics method is used to determine the frequencies and mode shapes of non-interacting phonons. The inputs required to perform the calculation are the atomic masses, average atomic positions, and the second derivatives of the potential energy with respect to the atomic positions. For this work, the positions are determined through molecular dynamics simulations [4] and the derivatives are evaluated numerically from the 12-6 Lennard Jones potential [5] , often used to model argon [6] .
Anharmonic lattice dynamics calculations are used to find the frequency shifts and linewidths for each phonon mode that arise from phonon-phonon interactions. The anharmonic calculations require the atomic masses, average atomic positions, third and fourth order derivatives of the potential energy, and the phonon frequencies and mode shapes as inputs. The anharmonic frequencies are the sum of each quasi-harmonic frequency and its frequency shift and the relaxation times are the inverse of twice the linewidths [7] . Since the anharmonic lattice dynamics calculation uses the phonon frequencies to compute the frequency shift, we iterate the anharmonic calculation until self consistency is achieved.
The thermal conductivity prediction [Eq. (1)] is performed by carrying out the quasi-harmonic and anharmonic lattice dynamics calculations on a grid of wave vectors. The classical expressions for the occupation number (used in the anharmonic lattice dynamics calculations) and the specific heat are used so that the predictions can be compared to those from molecular dynamics simulations. The linewidths are used to find the relaxation times. The phonon velocities in the x-direction are given by the derivative of the phonon frequency with respect to the xcomponent of the wave vector. This derivative is evaluated via a finite difference.
Equation (1) depends upon the number of wave vectors used in the summation. An extrapolation technique is used to remove this dependence. The inverse thermal conductivity is plotted against the grid resolution in the x-direction. A line is fit to the data and the inverse of the bulk thermal conductivity is given by the y-intercept. Four points are used for the extrapolation. Fig. 1 is the thermal conductivity for argon as a function of temperature from lattice dynamics calculations, Green-Kubo molecular dynamics simulations [4] , and experiment [8] . The lattice dynamics and molecular dynamics results agree to within ten percent at 20 K but diverge as the melting temperature (85K) is approached. This result is due to the low temperature approximations used in the lattice dynamics method such as neglecting scattering processes involving more than three phonons.
RESULTS

Plotted in
An advantage of using the lattice dynamics techniques to predict the thermal conductivity is that the phonon information provides insight into the mechanisms of heat transfer. The inverse lifetime is plotted against frequency for temperatures of 20 and 80 K in Fig. 2 . We see from the figure that, for each temperature, the large majority of the data points fall along a single curve suggesting that when computing the thermal conductivity an argon crystal can be treated as isotropic, an approximation that is commonly employed [9, 10] .
The contribution to the thermal conductivity is shown as a function of the frequency divided by the maximum frequency for temperatures of 20 and 80 K in Fig. 3 along with the phonon density of states. Changing the temperature has no effect on any of the quantities plotted in Fig. 3 . The differences seen in the contribution to the thermal conductivity at different temper- Figure 1 . Thermal conductivity for argon as a function of temperature from lattice dynamics calculations, Green-Kubo molecular dynamics simulations (MD-GK) [4] , and experiment [8] . atures is entirely due to the finite resolution of the wave vector grid. This temperature independent behavior is a result of assuming a classical system where all phonon modes contribute equally to the system energy. Another attribute we see from the plots is that the largest contribution to the thermal conductivity comes from phonons in the middle of the frequency range. This result shows that some common approximations meant to capture only low frequency properties, such as a linear dispersion, may not be valid when computing the thermal conductivity. Dividing the thermal conductivity contribution by the density of states gives the average contribution per mode as a function of frequency ratio. On average, each low frequency mode contributes much more than individual phonons at the higher frequencies (the downturn near zero frequency is due to the finite wave vectors grid) and is the reasoning behind using low frequency approximations. These approximations, though, are not justified.
CONCLUSIONS
The thermal conductivity of an argon crystal has been predicted via quasi-harmonic and anharmonic lattice dynamics calculations. The predicted thermal conductivity is found to agree well with predictions from molecular dynamics simulations at low temperatures (Fig. 1) where both methods can be considered applicable. The results of the two methods diverge at higher temperatures due to low temperature approximations made in the lattice dynamics techniques.
By using the lattice dynamics techniques we are able to examine the phonon characteristics directly. We find that the isotropic approximation appears to be valid for argon crystals (Fig. 2) and that the mid-range frequency modes have the largest contribution to the thermal conductivity (Fig. 3) .
